General rights Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
The alternating between dry and wet seasons and the consecutive microbial responses to soil water content in semiarid ecosystems has significant consequences on nitrogen exchanges with the atmosphere. Three field campaigns were carried out in a semi arid sahelian rangeland in Dahra (Ferlo, Senegal) , two at the beginning of the wet season in July 2012 and July 2013, and the third one in November 2013 at the end of the wet season. The ammonia emission potentials of the soil ranged from 271 to 6628, indicating the soil capacity to emit NH 3 . The ammonia compensation point in the soil ranged between 7 and 150 ppb, with soil temperatures between 32 and 37 C. Ammonia exchange fluctuated between emission and deposition (from À0.1e1.3 ng N.m À2 s À1 ), depending on meteorology, ambient NH 3 concentration (5e11 ppb) and compensation point mixing ratios. N 2 O fluxes are supposed to be lower than NO fluxes in semi arid ecosystems, but in Dahra N 2 O fluxes (5.5 ± 1.3 ng N m À2 s À1 in July 2013, and 3.2 ± 1.7 ng N m À2 s À1 in November 2013) were similar to NO fluxes (5.7 ± 3.1 ng N m À2 s À1 in
July 2012, 5.1 ± 2.1 ng N m À2 s À1 in July 2013, and 4.0 ± 2.2 ngN m À2 s À1 in November 2013). Possible reasons are the influence of soil moisture below the surface (where N 2 O is produced) after the beginning of the wet season, the potential aerobic denitrification in microsites, the nitrifier denitrification, and nitrification processes. The presence of litter and standing straw, and their decomposition dominated N compounds emissions in November 2013, whereas emissions in July 2012 and 2013, when the herbaceous strata was sparse, were dominated by microbial processes in the soil. CO 2 respiration fluxes were high in the beginning (107 ± 26 mg m À2 h À1 in July 2013) and low in the end of the wet season (32 ± 5 mg m À2 h À1 in November 2013), when autotrophic and heterotrophic activity is reduced due to low soil moisture conditions These results confirm that contrasted ecosystem conditions due to drastic changes in water availability in semi arid regions have important non linear impacts on the biogeochemical nitrogen cycle. © 2017 Elsevier Ltd. All rights reserved.
Introduction
Nitrous oxides (N 2 O), nitrogen monoxide (NO) and ammonia (NH 3 ) play important roles in the atmosphere, from the local up to the global scale (Hertel et al., 2011) . Nitrous oxide is a powerful greenhouse gas which also contributes to the destruction of stratospheric ozone (Butterbach-Bahl et al., 2013) . Nitrogen monoxide (NO) contributes to the formation of tropospheric ozone and modifies the oxidative capacity of the atmosphere (Steinkamp et al., 2009) . In non-urbanized areas, where anthropogenic emissions are negligible, the soil emission of biogenic NO plays an essential role in regional atmospheric chemistry (Pilegaard, 2013) . Ammonia (NH 3 ) is mainly emitted by agricultural activities, and also by the decomposition of litter and volatilization of animal excreta Massad et al., 2010) . It is an essential precursor of Secondary Organic Aerosol (SOA). (Fuzzi et al., 2015) . To quantify and understand these impacts of reactive and greenhouse gases on tropospheric chemistry, it is of prime importance to understand the processes leading to emissions and exchanges of these compounds, as well as the parameters affecting them. Indeed, fluxes of gaseous N compounds between biosphere and atmosphere are closely coupled to the biogeochemical processes within the vegetation and the soil. Carbon, nutrients and water cycling, as well as anthropogenic and animal pressure are also key issues for interpreting these fluxes in time or space (Arneth et al., 2012) .
The particular context of semi arid regions (such as the Sahel) involves specific conditions: the Sahel is mainly covered by semi arid grasslands, with shrubs and low tree density. Semi arid grasslands have been identified as important sources of nitrogen compounds at the global scale (Hudman et al., 2012) , even though soils are known to hold limited amounts of nutrients (C, N). Despite this low N supply, N cycling is rapid in semi arid and arid lands: decomposition is fast and driven by an abundant micro fauna that contributes to a fast N turnover. This rapid turnover in semi arid and arid soils leads to low nutrient accumulation (Schlesinger et al., 1990) . Another factor affecting the N availability is the presence of livestock which increases the N availability in these ecosystems. Grazers have multiple effects on the N cycle in the soil, and on N availability to plants, via urine, dung and trampling (Frank and Evans, 1997; Rufino et al., 2014) .
Specific climatic conditions have to be taken into account in the Sahel: at the beginning of the rainy season, the soil moisture becomes sufficient to activate the microbial activity in the soil (Bouwman et al., 2002; Meixner and Yang, 2006) , NO and N 2 O (and CO 2 ) emissions are larger than in the dry season, and large bursts of emission are produced when first precipitations shower long-dried soils (Yienger and Levy, 1995; Jaegl e et al., 2004 , Delon et al., 2008 Hudman et al., 2010; Delon et al., 2015; Elberling et al., 2003) .
NO and N 2 O emissions are controlled by nitrification and denitrification processes, driven by the underlying microorganism population producing and consuming NO and N 2 O in the soils, depending on biotic and abiotic processes (Meixner and Yang, 2006; Butterbach-Bahl et al., 2013) . Soil moisture is a major regulator of these emissions as it affects the oxygen availability to soil microbes. NO and N 2 O emissions are also regulated by substrate concentration, plant nitrate uptake, litter/soil organic matter quality, root/microbial respiration, soil texture and temperature, predation, pH, wind speed, N input (Chapin et al., 2002; Delon et al., 2007; Pilegaard, 2013) . N 2 O, NO and soil respiration are considered as one way only, even if NO and N 2 O deposition exists in very specific conditions (Grote et al., 2009 ), measurements did not show deposition in this study. Biosphere-atmosphere exchange of NH 3 is bi-directional and the net flux is the combination of different exchange pathways between the plant (cuticle and stomata), the soil, the leaf litter and the atmosphere. The overall NH 3 flux for a given surface may switch from net emission to net deposition at sub-hourly, diurnal and seasonal scales Massad et al., 2010; Loubet et al., 2012) . NH 3 can rapidly be deposited onto cuticles due to its high solubility. The so called canopy compensation point is a powerful concept to study NH 3 exchange. It expresses the atmospheric NH 3 concentration for which the flux between the surface and the atmosphere switches from emission to deposition, or vice versa (Farquhar et al., 1980) , and it depends on the emission potential, defined as the
] ratio at the soil and leaf level, thee pH being a major chemical control of the fluxes (Flechard et al., 2013) . The direction and magnitude of NH 3 exchanges depend on the NH 3 concentration difference between the canopy and the atmosphere, and on a large range of environmental factors including meteorology (particularly air humidity, which will influence surface wetness), vegetal cover and soil characteristics. NH 3 emissions are also strongly sensitive to soil moisture conditions, and relationships between NO and NH 3 soil fluxes have been identified through the ammonium content in the soil (McCalley and Sparks, 2008) .
Emissions of N 2 O, NO from bare soils and litter have, as far as the authors know, rarely been quantified by direct measurements over tropical semi arid regions, (e.g. Serça et al. (1998 ), Le Roux et al. (1995 for NO, Grote et al. (2009) for N 2 O and CO 2 ), mainly because experimental conditions are difficult (no power supply, very hot temperatures, remote sites of study) and also because most measurements techniques, such as micrometeorological techniques, imply expensive and complex devices. The number of studies of NH 3 exchange over semi natural land is rather limited (Wichink Kruit et al., 2007; Wentworth et al., 2014) but some work has been done in temperate ecosystems (Flechard and Fowler, 1998a,b; Flechard et al., 1999 Flechard et al., , 2013 Loubet et al., 2012) . Seminatural vegetation is defined as vegetation not planted by humans but influenced by human actions (FAO and LCCS, 2000) . However, such studies are still missing for tropical and semi arid ecosystems, where, as mentioned before, the quantification of exchange fluxes between the soil and the atmosphere is challenging.
The objectives of this study are i) to explore surface atmosphere exchanges of NO, N 2 O, and NH 3 and their link with microbial processes in the soil (leading as well to soil respiration and CO 2 emissions), in a semi-arid region in contrasting ecosystem conditions at the beginning and end of the wet season (different soil humidity and vegetation cover), ii) to investigate the emissions from litter at the end of the rain season, iii) to quantify N compound emissions in semi arid soils.
To reach these objectives, we have applied chamber techniques for measuring NH 3 , NO, CO 2 (dynamic chamber) and N 2 O (static) fluxes. These techniques have the major advantage of being robust and of reduced costs, and have been widely used and validated in many studies (Davidson, 1991 , Gut et al., 2002 Pape et al., 2009 , Laville et al., 2011 Tagesson et al., 2012; Almand-Hunter et al., 2015 and references therein). After presenting the field site, the chamber techniques and the calculations of fluxes for each compound, processes of emission and exchanges are investigated. Measurements of meteorological and edaphic conditions are used to understand the variability in NO, N 2 O, NH 3 and CO 2 fluxes at the Dahra site (Senegal, Ferlo).
Materials and methods

Field site
The Dahra field site is located in Senegal (Ferlo), West Africa (15 24 0 10 00 N, 15 25 0 56 00 W, elevation 40 m, Fig. 1a ). This site is a semi-arid savanna, primarily used as grazed rangeland (Tagesson et al., 2015b) . The rainy season occurs from July to October approximately (3e4 months). The tree coverage is low, about 3% (Rasmussen et al., 2011) . The most abundant tree species are the Balanites aegyptiaca, Acacia tortilis and Acacia Senegal. The herbaceous vegetation is dominated by annual C4 grasses (e.g. Dactyloctenium aegyptium, Aristida adscensionis, Cenchrus biflorus and Eragrostis tremula) (Tagesson et al., 2015b) . The livestock consists mainly of cows (Bos taurus indicus), sheep (Ovis aries), and goats (Capra aegagrus hircus) and grazing is permanent and occurs yearround. The Dahra field site is located within the 'Centre de Recherche Zootechnique (CRZ)' managed by the Institut S en egalais de Recherche Agronomique (ISRA). Ground photographs of the Dahra site in July 2012, July 2013 (short vegetation, beginning of growing period) and November 2013 (high standing straw, end of wet season) are shown in Fig. 1c,d ,e. At Dahra, the soil is sandy, with 89% of sand and 6.3% of clay (the rest being silt) for the 0e5 cm horizon. Surface pH ranges from 6.16 to 7.43, depending on the place where the measure is done. Mean meteorological and soil characteristics of the study site are reported in Table 1. This study is based on measurements performed during three field campaigns which lasted 7 days in July 2012 (11e17 July 2012), 8 days in July 2013 (11e18 July 2013) and 10 days in November 2013 (29 October-7 November 2013).
Sampling sites
The samples were taken at three different locations (top, middle and bottom) along a 500 m transect following a dune slope (Fig. 1b , sites 1, 2, 3), with one location per day. Each location was then sampled every 3 days, from 8 a.m. to 7 p.m. approximately for soil fluxes, and 24 h a day for concentrations. Top site was sampled respectively 2, 3 and 4 times in J12, J13 and N13, middle site was sampled respectively 2, 3 and 3 times in J12, J13 and N13, and bottom site was sampled respectively 2, 2 and 3 times in J12, J13 and N13. The herbaceous vegetation cover is rather homogeneous in the field, ensuring that the plot of soil cover inside the chamber is representative of the area (Fensholt and Sandholt, 2005; Fensholt et al., 2006) .
Watering experiments
In order to check for a dependence of NH 3 and NO flux with soil moisture, we simulated a 20 mm rainfall event on 15 July 2013 and 4 November 2013. Flux measurements were performed on 16, 17 (first flux measured 24 h after watering) and 18 July, 4 November (first flux 4e7 h after watering) and 7 November. 28 fluxes were measured in July, and 14 in November. These measurements are specifically analyzed for each gas and are not mixed with fluxes measured in non watered plots. Soil moistures in the watered plots are 10% 16 July, 8% 17 July, 5% 18 July, 17% 4 November, 7% 7 November. As for non watered plots, the samples were taken at top, middle, and bottom slope of the dune transect and only daily averages are presented.
2.2. NO and NH 3 chamber flux measurements NH 3 and NO exchange fluxes were measured with manual closed dynamic chambers (non-steady-state through-flow chambers as defined in Pumpanen et al. (2004) ). This technique has already been used by Akiyama et al. (2004) , Roelle &Aneja (2002) , Fig. 2a) . These analyzers use a chemoluminescence detector for NO. The air sample enters the reaction chamber and reacts with the O 3 generated by an internal generator. This reaction produces a luminescent radiation directly proportional to the NO concentration. The air sample is sequentially drawn through a molybdenum converter heated to 325 C which converts a fraction of NO 2 to NO, and a stainless steal converter heated to 750 C which converts a fraction of NH 3 and NO 2 to NO. The detector hence measures rNO, then r(NO þ aNO 2 ), and finally r(NO þ bNO 2 þ gNH 3 ), where r is the NO detection efficiency, a and b are the NO 2 conversion efficiency of the molybdenum and stainless steel converters and g is the NH 3 conversion efficiency of the stainless steel converter. The efficiencies are determined by the calibration procedure and NO, NO 2 and NH 3 concentrations are deduced by manipulating the three expressions. The converters also convert other nitrogen compounds. Especially the molybdenum converter is known to convert Peroxyacetyl nitrate (PAN), nitrous acid (HONO), nitric acid (HNO 3 ) and organic nitrates (Parrish and Fehsenfeld, 2000; Dari-Salisburgo et al., 2009 ). These interferences have generally lower concentrations than NO 2 , and in those conditions valid NO 2 concentrations may be obtained (Dunlea et al., 2007) . The 17i instrument is a more recent version than the 17C instrument, and both these analyzers have been widely used for NH 3 concentrations and/or fluxes measurements (Roelle and Aneja., 2002; Zhang et al., 2011; Ni et al., 2000; Phillips et al., 2004; Akiyama et al., 2004) .
Calibrations of the analyzer were done before and after each field campaign with a reference NO/NOx/air mixture at 205 ppbv ± 3.2 ppbv (COFRAC certified). Two other points were generated at 100 and 800 ppbv to ensure the linearity of the response. The standard gas used for NO is NF EN14211. In addition, the analyzer was calibrated using a bottle of NH 3 (concentration 2 ppm) without dilution (pure gas). The lower detection limit was 1 ppbv, the precision ± 0.4 ppbv (for a 500 ppbv range), and the averaging time 10s. The response time of the analyzer was 120s, i.e. 90% of the actual concentration is reached after 120s.
The time needed for the sample to reach the reaction chamber, calculated using the volume of the Teflon PFA tubing (length 4 m and internal diameter 0.0044 m) and the pump flow (0.6l min À1 ), was 6s.
Dynamic chambers
A measurement system was developed in this study and includes a portable opaque Teflon chamber (Fig. 2b) and the NO/NO 2 / NH 3 analyzer described above. All of the system was power supplied by a power generator, located 100 m away in the field. To avoid NH 3 deposition onto water or stainless steel, neither frame nor seals were used during the measurements. The chamber was inserted approximately 2 cm directly into the sandy soil to avoid air leakages. The external volume of the chamber was 40 cm Â 20 cm Â 20 cm. The useful volume was 18 Â 38 Â 18 cm , and the chamber is maintained in place for 10 min. Inside the chamber, the opaque walls minimize photochemical reactions which are considered as negligible. After 10 min, the chamber is turned over in order for the analyzer to be swept by ambient air. After 5 min of ambient air concentration measurement, the chamber is placed again on the soil to begin a new cycle. The calculation of fluxes are based on the closed dynamic chamber technique, with the following assumptions: the concentration in the chamber is equal to the concentration leaving the chamber to the analyzer, no deposition occurs onto the Teflon walls chamber; chemical reactions in the gas phase inside the chamber are limited thanks to opaque walls; the air flow rate Q (m 3 s À1 ) is constant and ensures that the mass of gas (NH 3 or NO) within the chamber at time t þ dt equals to the mass of gas present at time t plus (if emission) or minus (if deposition) the mass of gas entering the chamber in the dt interval (soil flux), minus the mass of gas leaving the chamber to the analyzer in the same dt interval.
Assuming the gas entering the chamber has a concentration C out (mol m À3 ), and that neither chemical reaction nor wall deposition occurs, the mass balance equation in the chamber can be simplified to:
Where F X is the flux (NH 3 or NO) in nmol m À2 s
À1
, C X is the concentration in the chamber outlet in mol m À3 . A 0 ¼ 0.0684 m 2 is the surface of the ground covered by the chamber, V ¼ 0.0123 m -3 is the volume of the chamber, R ¼ 8.2 Â 10 À5 m 3 atm K À1 mole À1 is the gas constant, and T (K) is the air temperature in the chamber. NH 3 and NO concentrations are recorded every 10 s, with a LabView © application. vC X /vt is the initial rate of increase in NH 3 or NO mixing ratios calculated by linear regression, t is in seconds. Equation (1) can be integrated which yields:
If the dilution due to outside air can be considered small, which happens when the term Q V t is small, hence when the time t is small, then the exponential term can be reduced to its limited development 1 À Q V t which yields for the flux:
We get a similar expression as in Davidson, (1991) , which is true shortly after the chamber was closed (time t ¼ dt, and concentration increased by dC X relative to outside air). A linear regression was calculated during the first 120s for NH 3 , and 180e300s for NO, following the installation of the chamber on the soil. A lag time of 20s was removed to account for the air being transported through the Teflon tubing (10s) and for the analyzer response time (10s). This 120s time (180e300s) for NH 3 (for NO) has been chosen because the increase in ammonia (NO) concentration showed a maximum slope value during this interval. The dilution effect due to mixing of outside air in the chamber was evaluated based on our set up in which Q/V ¼ 8.13 Â 10 À4 s
. As a consequence, the NH 3 concentration needs a 5% correction after 120s and the NO concentration needs a 7%e11% after 180e300 s. Fx is further converted in ngN m À2 s
. Considering the precision of the analyzer (±0.4 ppbv), the minimum flux detected by this device would be 0.3 ngN m À2 s À1 for NH 3 and 0.2 ngN m À2 s À1 for NO.
For NO, fast gas phase reactions NO þ O 3 / NO 2 have to be considered in the calculation of each individual chamber flux. This necessitates the simultaneous measurement of all three trace gases, which was not done in our field campaigns. However, the underestimation due to photochemistry can be approached with the median NO concentration sampled before flux measurements (2.19 ppb in J12, 2.05 ppb in J13, 1.11 ppb in N13), and with the climatological ozone mixing ratio taken from Adon et al. (2010) in comparable dry savanna ecosystems (18 ppb in July, 9 ppb in November). Following Pape et al. (2000) and Delon et al. (2015) , the underestimation of NO fluxes is calculated from the relation k.
[NO]$[O3] where k is the reaction rate constant. The underestimation is 47% in J12, 48% in J13 and 10% in N13, taking into account mean air temperature given in Fig. 3 for the reaction rate constant estimation (Pape et al., 2000) . The uncertainty on the resulting flux is mostly influenced by the lack of ozone concentration measurements, and is not distinguishable from the estimation of the correction due to photochemistry.
In the following results, the NO and NH 3 fluxes are recalculated according to these underestimation.
Data quality check
Not all the NH 3 fluxes were kept after quality checking of the calculated ammonia fluxes, based on two criteria.
-The coefficient of determination R 2 estimated from the linear regression of the increase in the gas concentration in 120s had to be higher than 0.4 (considered as a weak but existing and significant correlation). -The concentration difference between last and first measurement points had to be superior to 0.4 ppb (sensitivity of the analyzer). Actually, for concentration differences below 0.4, R 2 were also lower than 0.4.
Finally, 122/140 fluxes (87%) satisfied these criteria in July 2012, 116/134 (86%) in July 2013 and 157/191 (82%) in November 2013 for NH 3 flux measurements. All NO flux measurements and all NH 3 fluxes from watered plots fulfilled these criteria and none were filtered out.
As the NH 3 flux is calculated for a 120s time interval, and considering that 90% of the real concentration is reached after this time, this calculation within a 120s time interval underestimates the flux on the order of 9% (i.e. the real concentration difference is 9% greater than the measured concentration difference). Other uncertainties were not quantified, such as deposition of ammonia inside the 17C/17i analyzer and during the transfer between soil chamber and analyzer. Further NH 3 fluxes are recalculated according to this 9% underestimation.
N 2 O chamber flux measurements
N 2 O fluxes were measured using the static chamber (non-flowthrough non-steady state) method. One stainless steel chamber with a base of 0.20 m Â 0.40 m and with a height of 0.15 m was placed on a frame (previously inserted 3 cm in the soil) and sealed by a slot filled with water (Fig. 2c) . The N 2 O chamber was placed approximately 1 m close to the Teflon chamber used for NO and NH 3 flux measurements. N 2 O fluxes were sampled at least 3 times a day.
Samples of the chamber headspace gas were removed with a syringe through a rubber septum at time 0, 15, 30 and 45 min after placing the chamber on the frame. Air samples were injected from the syringe to 10-ml glass vials which contained 6M NaCl solution capped with high density butyl stoppers and aluminum seals. When injected, the air sample chases away almost all the solution from the vials (a small quantity is kept inside), and the vials are kept upside down to ensure air tightness. All samples were subsequently analyzed by gas chromatography in the lab two to three weeks after the field campaign. Analysis of N 2 O concentrations were performed by Gas Chromatography (GC) on a SRI 8610C gas chromatograph (SRI, Torrance, CA, USA) equipped with an electron capture detector (ECD). Simultaneous integration of peaks is made using the Peak Simple 3.54 software (SRI, Torrance, CA, USA). Gas standards (347 and 1020 ppbv for N2O Air Liquid "crystal" standards, uncertainties less than 10%) were injected after every 10 samples of analysis to calibrate the GC. Duplicate injection of samples showed reproducibility better than 5%. N 2 O fluxes were calculated from the slope of the linear regression of gas concentration in the chamber versus time, as for NO and NH 3 fluxes, and as done in several studies on N 2 O flux measurements (e.g. Assouma et al., 2016; Butterbach-Bahl et al., 2004; Livesley et al., 2011 , Marquina et el., 2013 Predotova et al., 2010) The coefficient of determination R 2 estimated from the linear regression had to be higher than 0.5. Considering the precision of the analysis (2e4 ppbv), the minimum flux detected by this device would be 0.07 to 0.14 ngN m À2 s
À1
. 93% and 87% of the fluxes were kept after applying these criteria in J13 and N13 respectively. No correction was applied due to chemistry or dilution.
Soil respiration (CO 2 emission) measurements
CO 2 fluxes were measured using a manual closed dynamic chamber (SRC-1 from PP-systems, 150 mm height x 100 mm diameter) coupled to a non-dispersive infrared CO 2 /H 2 O analyzer EGM-4 (PP-Systems, Amesbury, MA 01913, USA). Using infra-red gas analysis techniques, instantaneous measurements are performed with accuracy lower than 1% of span concentration. The respiration is measured by placing the closed chamber on the bare soil and measuring the rate of increase of the CO 2 concentration inside the chamber during 120 s maximum (Le Dantec et al., 1999; Ngao et al., 2006) . Then, assuming a well mixed sealed system:
Where R is the respiration rate (Flux of CO 2 /unit area/unit time), Co is the CO 2 concentration at T ¼ 0 and Cn is the concentration at a time Tn later, A is the area of soil exposed and V the total system volume. The quality control is made by the PP-SYSTEMS. This control consists in checking the linearity of the rate of increase in CO 2 once the chamber has been placed on the soil. If the increase in CO 2 concentration with time (concentration measured every 8 s) is non-linear, a warning is given by the system.
Meteorological station
The measured meteorological variables were rainfall (mm), air temperature ( C), and relative air humidity (%) at 2 m height, soil surface temperature ( C), and soil surface moisture (%) at 0.05 m depth. Data were sampled every 30 s and stored as 15 min averages (sum for rainfall). Sensor information and details on all measured variables are available in Tagesson et al. (2015b) .
Soil characteristics (texture, pH, N content)
During the three field campaigns, additional measurements were carried out to address some biogeochemical characteristics of the site. Soil samples (0e5 cm) were taken from each location where the measurements were done (top, middle and bottom slope). Samples were dried in ambient conditions (mean daily temperature is approximately 35 C), and stored in the dark for determination of texture, ammonium (NH 4 þ ) concentrations, C/N ratio, total C, total N, and pH at the ). A large G indicates that the soil has a high propensity to emit NH 3 , considering that the potential emission of NH 3 depends on the availability of ammonium in the soil and on the pH. The soil compensation point c g has been calculated from the emission potential G, as a function of soil surface temperature Tg (Nemitz et al., 2001) :
Stepwise multiple regression analysis
A stepwise linear multiple regression analysis was performed between daily averaged gas fluxes (NO, NH 3 , N 2 O, CO 2 ) and relevant available daily averaged parameters such as soil moisture and temperature at 5 cm depth, air humidity and temperature, wind speed and ambient NH 3 concentration (used only to explain NH 3 fluxes). Soil parameters such as mineral nitrogen, total N and organic C, soil texture and pH could not be used unfortunately in the same data base since their relative measurements did not have the same temporal resolution as the other parameters.
The R software (http://www.R-project.org) was used to provide results of this linear regression analysis. Fig. 3 shows mean relative air humidity, soil moisture, soil temperature, air temperature and wind speed calculated for each field campaign (J12 ¼ July 2012, J13 ¼ July 2013, N13 ¼ November 2013). Soil moisture is higher in J12 (mean is 9.2%) because a rain event occurred the day before the beginning of the campaign on 9/ 7/2012. A second rain event occurred at the end of the campaign (16/7/2012). Mean soil moistures are respectively 5% and 3.5% in J13 and N13. Soil moistures are significantly different between the three periods (p < 0.05). Air and soil temperatures are lower in J12 (means are respectively 29 and 34 C) than in J13 (30 and 37 C) because of these rain events. In N13, the presence of straw prevents the soil from strong heating (mean air and soil temperatures are respectively 30 and 34 C). The lower difference between air and soil temperatures is therefore found in N13 (4 C, vs. 5 C and 7 C in J12 and J13). Soil temperatures are significantly different between J12 and J13, and between J13 and N13 (p < 0.05), but not between J12 and N13. Daily rainfall measurements are reported in Fig. 4 , as well as periods of field campaigns. Table 2 gives the averages of soil characteristics in Dahra based on the entire range of values for each campaign. Soil Organic Carbon (SOC) and Total N are respectively 4.7 ± 1.3 g/kg and 0.36 ± 0.10 g/kg in J12, 5.0 ± 0.7 g/kg and 0.39 ± 0.05 g/kg in J13, 4.7 ± 1.3 g/kg and 0.42 ± 0.13 g/kg in N13. Considering the values in Table 3 , the mean soil emission potential for the three campaigns would be 1300 ± 1700, with values ranging from 254 to 6628. In July 2012, the highest values are linked to soil samples collected after the rain event which occurred on 9 July. Afterwards, soil samples show a sharp decrease in ammonium concentrations (Table 3) . A mean emission potential, calculated without the extreme values of July 11 and 12 July, would be more representative of a mean state, and would be around 400 (±100) for J12 campaign. In J13, an emission potential around 500 is found. In November 2013, the average soil emission potential is 2385 ± 1387, because of a higher soil pH. Higher pH after the rain season could be explained by the strong alkaline characteristics of precipitation, due to high loading of particulate matter in the atmosphere common to semi-arid region conditions. Dust is rich in calcium bicarbonate/carbonate representing a major buffering agent for acidity generated by sulphuric, nitric and organic acids (Laouali et al., 2012; Galy-Lacaux and Modi, 1998) . J12 (10) 13.1 ± 0.6 4.7 ± 1.3 0.36 ± 0.10 8.8 ± 3.3 J13 (2) 12.7 ± 0.2 5 ± 0.7 0.39 ± 0.05 10 ± 3 N13 (4) 11.3 ± 1.2 4.7 ± 1.3 0.42 ± 0.13 6.3 ± 1.9
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Total nitrogen and ammonium content
and management as well as growth stage throughout the season (Riedo et al., 2002) . The main influencing factor seems to be the N input to the ecosystem, coming from both N deposition in high polluted areas or N fertilization in agrosystems (Sutton et al., 1994) . In Dahra, the values are in the range of values from arable land in temperate ecosystems with no fertilization (Massad et al., 2010) , and close to values calculated by Wentworth et al. (2014) in a non fertilized grassland in Canada. Considering that Dahra is in a non polluted environment (contrary to temperate ecosystems mentioned in the above cited studies), the measured range of emission potential values may be explained by the presence of livestock and the N input to the soil through animal excreta. The ammonia compensation point in the soil ranges between 7 and 150 ppb, with soil temperatures between 32 and 37 C. Following Nemitz et al. (2001) , large compensation point mixing ratios are found for large emission potentials. The soil samples used for pH and ammonium analysis reflect a high spatial heterogeneity, and give a large range of compensation points. However, such high values of compensation point seem overestimated, which may be explained by the fact that the Nemitz et al. (2001) parameterization for compensation point calculation has not been tested in hot semi arid conditions. This assumption would however necessitate more sample analysis to be confirmed. The first strong feature of these figures is illustrated by the extended standard deviation in J12 (Fig. 5) and J13 (Fig. 6) . Indeed, the spatial variability of the fluxes was high and fluxes could alternate rapidly between positive and negative values within a short time interval (15e30 min). In N13 (Fig. 7) , standard deviations are smaller, showing more stable positive fluxes, giving a net emission from the soil to the atmosphere.
The second strong feature is that the NH 3 fluxes are rather low, with mean campaign averages of 1.3 ± 1.1 ngN m À2 s À1 in J12, -0.1 ± 1.1 ngN m À2 s À1 in J13, and 0.7 ± 0.5 ngN m À2 s À1 in N13. The differences in average SOC content and total nitrogen between the three campaigns are not significant (Table 2 and paragraph III-2), and the differences in ammonia exchanges could not be related to SOC and N contents. In J12, the large soil emission potential and soil [NH 4 þ ] (Table 3) at the beginning of the field campaign could explain the positive fluxes on 11 and 12 July. However, despite the decrease in soil [NH 4 þ ], NH 3 fluxes remain highly positive until 15 July and decrease afterwards. High positive fluxes could be associated with larger soil moisture in J12 (Fig. 3) , favoring microbial activity in the soil. Indeed, J12 fluxes at the beginning of the campaign are influenced by rain events which occurred before. The cumulative precipitation calculated 5 days before J12 campaign is 66 mm, whereas it is only 0.15 mm 5 days before the J13 and N13 campaigns. The residual water content at the beginning of J12 campaign is therefore totally different and explains the differences of flux behavior between the campaigns. NH 3 concentrations have been measured in ambient air. In J12, [NH 3 ] ¼ 8.8 ± 3.3 ppb is smaller than the mean compensation point (between 7 and 150 ppb, Table 3 ), and leads to intermediate between the beginning and the end of the campaign, suggesting a transition period for exchange processes, associated with the setting of the wet season. In N13, [NH 3 ] ¼ 6.3 ± 1.9 ppb is far less than the compensation point (between 18 and 106 ppb), and ammonia emission dominates, despite low soil moisture. A multiple linear regression analysis was performed between daily means of NH 3 fluxes for the three periods and all relevant available parameters, as mentioned in the method section (II-7). The best multiple linear regression model is found with soil moisture at 5 cm depth, and air humidity at 2 m height, with a determination coefficient R 2 ¼ 0.24 (p < 0.05). This result enhances the fact that soil moisture and air humidity variations are responsible for changes between NH 3 deposition to NH 3 emission (and vice versa) in a 24% proportion, considering that NH 3 exchanges are reduced in low moisture conditions, and that NH 3 is highly soluble in water. These NH 3 fluxes are in the lower range of fluxes measured in semi arid regions, e.g. McCalley and Sparks, (2008) meteorological variations), in the Netherlands. Both these sites give higher fluxes than in the present study, but this could be explained by the geographical location of the fields in temperate regions, probably influenced by high nitrogen inputs in the past or high nitrogen loads from dry deposition.
Effect of rainfall on NH 3 fluxes
A 20 mm rainfall event was simulated on 15 July 2013 and 4 November 2013. Flux measurements were performed on 16, 17 and 18 July, 4 and 7 November (Fig. 8a) . In July 2013, NH 3 fluxes are characterized by a high variability the day after watering (0.6 ± 5.2 ngN m À2 s À1 on the 16 July), showing the change between emission and deposition fluxes, and decrease to a mean deposition flux already two days after watering. In November 2013, NH 3 fluxes average 9.0 ± 2.6 ngN m À2 s À1 the day of watering and decrease to 3.3 ± 0.7 ngN m À2 s À1 3 days after, still a relatively high emission value compared to mean November fluxes without watering. The 4 November, NH 3 fluxes increase by a factor of 10 between dry and wet soils, and by a factor of 4 on the 7 November, compared to the daily mean fluxes measured the same day on dry soils.
NH 3 emission from the litter
Ammonium content was measured in N13 in 3 samples of standing straw. [NH 4 þ ] is 100 ± 72 mg/kg, and mean total N is 10 ± 3 g/kg. Compared to soil N and soil ammonium content, these values are 30 times higher, and are probably the cause of NH 3 release to the atmosphere, even with low residual humidity. Apart from fertilizer-induced NH 3 volatilization, significant emissions may also occur from soil in barren land and in senescent plant canopies where litter on the soil surface, and senescent leaves contribute to emissions (Sutton et al., 2007 (Sutton et al., , 1994 Massad et al., 2010; David et al., 2009 (Nemitz et al., 2000) . NH 3 emission from leaves is due to biochemical processes inside the leaf (stomatal release), and to microbial decomposition processes at the leaf surface by microorganisms (Farquhar et al., 1979) . These processes involved in litter emission are confirmed by high ammonium and total N content measured in a few samples of standing straw in Dahra. While litter may be mainly considered as a source of NH 3 (contrary to plant and soil which may be a source or a sink, Massad et al., 2008) , dry litter is a much smaller source than wet litter ). In N13, soil moisture is low, and soil and litter remain small emitters of NH 3 . The availability of NH 4 þ content in litter leads to stronger emission after watering due to enhanced decomposition of litter. The availability of nutrients is slowed down by the effective low water content in N13. However, considering that soil NH 4 þ content is lower in N13 (1.6 ± 1.1 mg/kg, compared to 3.4 ± 3.4 and 2.3 ± 0.3 in J12 and J13 respectively), it is possible to conclude that litter remains the main source of NH 3 emission in N13, even with low water content. These emissions contribute significantly to soil emissions and need to be taken specifically into account (Nemitz et al., 2001; Denmead et al., 1976) . 5.1 ± 2.1 ngN m À2 s À1 in J13, and 4.0 ± 2.2 ngN m À2 s À1 in N13.
NO fluxes
Statistically, the flux differences between the three periods are not significant (p > 0.05). However, the mean NO flux value in J12 is larger than during the other periods, and could be partly explained by larger mean soil moisture in J12. Indeed, mean soil moistures are significantly different between periods. As a comparison, NO fluxes have been measured in South African grassland by Serça et al. (1998) . As for NH 3 fluxes, NO emission increases during the first three days of the 2012 campaign, following a rainfall event on 9 July. Afterwards, fluxes decrease and remain low, which is consistent with the well known pulse effect of NO, induced by an excess of mineralization when the dry soil is suddenly wetted by a rainfall event. Indeed, mineral and organic substrates tend to accumulate at the soil surface and in the soil during the long dry season (Austin et al., 2004) , and release large quantities of NO when the soil moisture reaches a sufficient threshold (Schwinning et al., 2004; Pilegaard, 2013) . This pulse effect may be explained by a balance between the nutrient availability to the microorganisms and the diffusion of oxygen (Brümmer et al., 2008) . In J13, the soil humidity was low and no clear tendency over time can be seen (Fig. 6) . A larger flux with a larger standard deviation is seen on 13 July, enhancing the high spatial variability and the possible presence of acacia roots in the chamber, boosting the soil N availability and the N release (Ludwig et al., 2001; Erickson et al., 2002) .
Stepwise multiple regression analysis between daily NO fluxes and daily relevant parameters was performed. The best model is found for NO flux with air humidity at 2 m height and soil moisture at 5 cm depth, with R 2 being 0.2 (p ¼ 0.08). This score is improved if the three parameters are used as log values, with R 2 ¼ 0.38 (p < 0.01). This score remains low, probably because of non significant differences of NO fluxes between periods. However, soil moisture and air humidity are highlighted by the statistical results as main relevant parameters to explain NO fluxes, as expected for soil moisture. Air humidity and soil moisture are closely linked (R 2 ¼ 0.8, p < 0.001), as shown in Fig. 3a and b, and the regression analysis reveals a coupled influence of both humidity on NO fluxes. The differences of total N are not significant between the three periods (see paragraph III-2). However, N contents are larger than in other comparable savanna ecosystems: 0.15 g//kg in the Fakara region, Niger (Turner and Hiernaux, 2015) , 0.11 g/kg in the Gourma region, Mali, (Diallo and Gjessing, 1999) , 0.12 g/kg in Agoufou, Mali (Mougin, unpublished data). As discussed in Erickson et al. (2002) , the N availability is a major factor in influencing NO and N 2 O (and NH 3 ) emissions. Equivalent N content in soil during the three campaigns may partly explain the close values of fluxes between periods, even if soil moisture in N13 is lower. In N13, fluxes are less scattered than in J12 and J13, showing lower spatial variation during that campaign as for NH 3 emissions. The spatial heterogeneity may be explained by the presence of livestock and the short term history of the Dahra site, i.e. how livestock has trampled, grazed and excreted during the different seasons, which may influence the SOC and N stock quality.
Mean soil temperatures were significantly different between J12 (33.9 C) and J13 (36.8 C) , and between J13 and N13 (34.4 C, p < 0.05), but were not significantly different between J12 and N13. Soil temperature was not highlighted as an influencing parameter by regression analysis for NO fluxes. This could be due to the fact that soil temperatures for the three periods are above the optimum temperatures involved in nitrification processes causing NO emission. As a matter of fact, changes in temperature will not affect nitrification rates (Bai et al., 2013) and low soil moisture levels hide the potential temperature effect.
The presence of vegetation should also have an influence on NO emissions, as demonstrated by Feig et al. (2008) and references therein, particularly through N uptake by plants. The difference between sparse and short (1 or 2 cm) green growing vegetation in J12 and J13, and high standing straw in N13 should lead to a change in physical characteristics of the surface, influencing the fluxes. But in J12 and J13 N uptake by plants in this period of intense growth is still limited due to the very low vegetation cover. Moreover, the rainy season is not well established, and periods between rain events are still long (>5 days, see Fig. 4 ). In N13, the N in the soil is no more required for vegetation growth, and is available for release to the atmosphere. Therefore, N uptake by plants and N release to the atmosphere are not in competition for soil N content in the results presented here. Main influencing parameters will be soil moisture and N content. (Tagesson et al., 2015a) and possibly by the autotrophic respiration of the growing vegetation. However, heterotrophic respiration remains the main origin of the CO 2 release in J13. At that time of the year, ecosystem respiration dominates the net ecosystem CO 2 exchange and the ecosystem is a strong C source (Tagesson et al., 2015a) . July CO 2 fluxes are comparable to daily values measured in a semi arid fallow and a millet field in Niger before the start of the vegetation growth at the beginning of the wet season (100e200 mg C.m
À2
. h
À1
, Boulain et al., 2009) . Dahra fluxes may be explained by large C and N contents for semi natural lands (Table 2) . They compare well with fluxes measured in cultivated areas reaching 250 mgC.m À2 . h À1 at the core of the wet season in a Sudanian climate (Ago et al., 2014) . As a comparison with another type of ecosystem, some larger respiration
were measured in tropical C4 wetland plants close to Lake Victoria (Uganda) due to the decomposition of organic matter at the wetland surface (Saunders et al., 2012) .
In N13, despite the presence of dry standing straw, CO 2 respiration is low. The vegetation is brown and there is no more autotrophic activity in the herbaceaous layer, while a low maintenance respiration by the roots may be maintained if root residues persist. Additionally, soil moisture content is low which tends to lower the heterotrophic activity. À2 . s À1 in Benin at the same period in a cultivated savanna. These authors have found that respiration is highly dependent on soil moisture. In our study, it also appears to be the determinant factor at the beginning of the 2013 dry season. Indeed, even if more biomass is present, low soil moisture does not allow litter decomposition and subsequent heterotrophic respiration. Soil temperature and biomass quantity are not emphasized as driving factors at this period. When shifting the NO fluxes by one day, the correlation coefficient between NO fluxes and CO 2 fluxes is R 2 ¼ 0.6 in J13, with pvalue ¼ 0.03. CO 2 is one day in advance, highlighting the fact that in our measurements the ecosystem respiration precedes the microbial N transformation in the soil, leading to NO release after CO 2 emission. Indeed, the first rains produce a physical effect of diffusion (Moyano et al., 2013) , which releases the CO 2 trapped in the soil pores. Afterwards, the rains activate enzymes in the soil which generate the decomposition of organic matter and release CO 2 , and microorganisms stimulate the production of NO by nitrification processes. This 1 day lag value should mostly been understood as a close connection between respiration and nitrification processes (Xu et al., 2008) , and may be less than one day in other sets of data. For low ecosystem respiration in N13, this process could not be highlighted. N content and soil water content play an essential role in respiration processes, as highlighted through these results and the references cited. Soil respiration and nitrification processes (causing NO release) are closely linked by microbial processes: soil microorganisms trigger soil respiration and decomposition of soil organic matter (Xu et al., 2008) .
3.4.6. Effect of rainfall on NO fluxes A 20 mm rainfall event was simulated on 15 July 2013 and 4 November 2013 to check the NO flux dependence to soil moisture in dry land ecosystems as described in the literature (Austin et al., 2004; Meixner et al., 1997; Yan et al., 2005; Hudman et al., 2010; Jaegl e et al., 2004; Kim et al., 2012; Stewart et al., 2008) . As for NH 3 , NO flux measurements were performed on 16, 17 and 18 July, 4 and 7 November (Fig. 8b) , together with surface soil moisture. The increase of soil moisture has an obvious and rapid effect In July, fluxes are multiplied by 3 the day after watering (20.8 ± 7.8 ngN m À2 s
), and decrease to their mean "dry" values already two days after watering. These tendencies are consistent with measurements in South African soils (Levine et al., 1996) , giving mean background NO emissions from the dry sites between 0.4 and 6.2 ngN m À2 s
and 4.7 to 34.0 ngN m À2 s À1 from the wetted sites.
In November 2013, NO fluxes averaged 60.3 ± 26.1 ngN m À2 s À1 the day of watering (4e7 h after), and decreased to much lower values 3 days after (6.8 ± 3.4 ngN m À2 s À1 ). Two essential reasons may explain the more important increase in November than in July: i) measurements were made only a few hours after watering, allowing soil water content to be optimum for NO release, whereas in July, measurements were conducted one day after watering; ii) The presence of standing straw, above soil and buried litter strongly increases the single effect of moisture, and multiplies by 33 the mean dry flux (1.8 ± 0.7 ngN m À2 s À1 on November 4). First of all, microbial activity, enhanced by increasing soil moisture, is the first important factor on litter decomposition according to measurements and to decomposition models Moorhead and Reynolds, 1991; Parton et al., 2007) . Secondly, recent studies indicate that photodegradation caused by UV-B radiation plays a key role in litter and straw decomposition, and on soil C and N cycling in semi arid ecosystems (Liu et al., 2014) , increasing N avalability. The role of thermal degradation on C cycle in arid ecosystems has also been highlighted by Van Asperen et al. (2015) , and it may be assumed that the N cycle is also impacted by this effect. The cumulative effect of biodegradation and photo/thermal degradation in those particular conditions may explain the strong increase in NO emissions after wetting.
N 2 O fluxes
The discussion will only rely on J13 and N13 measurements (Figs. 6 and 7 respectively) as N 2 O fluxes were not measured in J12. Stepwise multiple regression analysis allowed to find a model between N 2 O fluxes and soil moisture at 5 cm depth, with R 2 ¼ 0.15 (p < 0.01). Larger fluxes in J13 than in N13 are consistent with slightly larger soil moisture, but this parameter only explains 15% of the variance. N 2 O fluxes are supposed to depend also on soil mineral nitrogen content, but this parameter could not be related to N 2 O fluxes in this statistical study, due to differences in the time steps of samples collection. Soil temperature did not appear as a driving parameter for N 2 O fluxes, because even with significant differences between seasons, temperatures are above the optimum needed to influence denitrification and nitrification processes (Bai et al., 2013) . N 2 O flux values are close to NO flux values, whereas generally denitrification processes in the soil causing N 2 O release are supposed to be small compared to nitrification processes in dry sandy soils causing NO emissions. In theory, N 2 O emission increases with the soil water content because the oxygen availability in soils is regulated by soil moisture, and drives the way microbes recycle N in the soils (Oswald et al., 2013) . Anderson and Levine (1986) suggest that N 2 O emission from soil takes place in a more restricted range of soil moisture conditions than does NO emission, and therefore should occur less frequently in dry soils. The regulation of enzyme synthesis behind N 2 O production and consumption in the soil is principally driven by O 2 partial pressure (i.e. water filled pore space, WFPS) and concentrations of nitrogen substrates (Conrad, 1996) . There are also bacteria that denitrify under aerobic conditions, highlighting the existence of aerobic denitrification (Robertson and Kuenen, 1984) and showing that the alternation between aerobic/ anaerobic conditions occurs frequently at small scale (Lloyd et al., 1987) . This process of aerobic denitrification may occur in Dahra. Another possible explanation for important N 2 O fluxes found in Dahra could be that, according to Meixner and Yang (2006) , it is still difficult to assess the importance of nitrification versus denitrification for the exchange of NO and N 2 O. They mention that the main contribution to N 2 O fluxes arises from below 0.5 m depth, whereas production and consumption zones for NO are located closer to the surface (above 0.1 m). However other authors have provided experimental evidence that N 2 O could also be produced above 0.03 m (Neftel et al., 2000) . It is therefore difficult to establish the optimal depth for denitification.
An alternative metabolic process for producing N 2 O in low moisture soils is the nitrifier denitrification of ammonia by oxidizing bacteria (Butterbach-Bahl et al., 2013) . This biochemical pathway could be a major contributor in N 2 O production; thus, N 2 O could also be produced in low soil moisture conditions. As a consequence, the possible influence of soil moisture below the surface (where N 2 O is produced) during the wet season, the potential aerobic denitrification in microsites, and the nitrifier denitrification, added to nitrification processes, may explain the high N 2 O emissions in Dahra.
The NO/N 2 O ratio is a way to discriminate between nitrification and denitrification processes in the soil, causing the N release. It is generally assumed that a ratio well below 1 means that denitrification is the main pathway of N-trace gas production (Anderson and Levine, 1986) . Other studies found that nitrification occurs when NO/N 2 O is superior to 0.11 (Meijide et al., 2007; Zhang et al., 2011) . In J13, 86% (6/7 daily averages) of the NO/N 2 O ratio are below 1, 14% above 1 (1/7 daily average). In N13, 40% (4/10 daily averages) of the NO/N 2 O ratio are below 1, 60% above 1 (6/10 daily averages). All ratios in the present study are above 0.34, leading to the conclusion that nitrification may be an important process involved in both NO and N 2 O production and release, and complementary to the assumption that denitrification may still occur in depth and at surface through aerobic pathways. It has been suggested in Smith & Tiedje (1979) that synthesis of nitrate and nitrite reductase (causing NO release) starts within hours whereas synthesis of nitrous oxide reductase may be delayed for more than 1 day, so that N 2 O is produced after NO. Both processes are therefore involved in NO and N 2 O release in Dahra.
The relationship between NO and NH 3 fluxes is linked to the biological activity in the soil. It appears that at Dahra, in the absence of rain, volatilization of NH 3 from soils is low, leading to low emission or even to deposition of NH 3 . The NH 4 þ content in the soil is therefore available for nitrification and for several ways of denitrification processes in the soil which pilot NO and N 2 O emissions. Some experiments in the Mojave Desert have shown that when conditions are favorable to nitrification, ammonia volatilization is reduced, possibly due to the decrease of ammonium by nitrifiers involving a competition effect between NO and N 2 O emission, and NH 3 volatilization (McCalley and Sparks, 2008) . The simultaneous decrease of NO and N 2 O emissions in N13 with low soil moisture levels is a positive argument which supports the idea that NO and N 2 O emission processes are linked and related to soil moisture.
Conclusion
NO, NH 3 , NO 2 and CO 2 fluxes were investigated through in situ measurements made in a semi arid site in northern Senegal during 3 field campaigns in July 2012, July 2013 and November 2013. Complementary to these exchanges fluxes, soil N and C content, as well as soil moisture, soil temperature and pH, and meteorological data, were measured and used for a better understanding of the intensity of surface fluxes.
The field campaigns were performed during periods of low rainfall, leading to small quantities of N emitted, but still showing that emissions of N compounds are not negligible even at low soil moisture levels. Strong pulses of NH 3 and NO have been measured after manually watering the soil, highlighting the immediate release of nitrogen compounds in recently wetted soils with litter and straw. The process of NH 3 bi-directional exchange is highlighted throughout the campaigns, showing mean emission in J12 and N13 due to higher compensation point concentrations than mean ambient concentrations. In J13, emission and deposition both occur because compensation point approaches the mean ambient NH 3 concentration. The important role of litter and standing straw in emitting ammonia and NO at the end of the rain season has been highlighted, while decomposition of the organic matter is limited due to low soil moisture and low microbial activity. N 2 O fluxes are equivalent to NO fluxes, suggesting that denitrification occurs even at low soil moisture levels, through aerobic denitrification or nitrifiers denitrification processes, and associated with nitrification processes. CO 2 fluxes are 3 times higher in J13 than in N13, probably due to more effective ecosystem respiration at the beginning of the rain season, when microbe populations grow quickly and are active decomposers. The turnover, transformation and flux of reactive nitrogen species is inevitably associated to the activity of soil microorganisms (Ambus et al., 2011) , to vegetation growth (root and biomass) and therefore to soil respiration. This study gives an overview of several processes occurring in semi arid soils, leading to N and C exchange with the atmosphere. N compounds exchange flux processes are often well described in the literature, yet in situ experiments in such regions are lacking preventing detailed knowledge to be gained on the subject. More measurements are nevertheless needed to better understand the underlying mechanisms in the soils affected by drying and rewetting cycles, and affecting N exchanges fluxes with the atmosphere. The contrasted ecosystem conditions due to drastic changes in water availability in semi arid regions have important non linear impacts on the biogeochemical nitrogen cycle and ecosystem respiration (Wang et al., 2015) . The soil nitrogen response to water availability in those particular systems needs to be focused on to quantify the nitrogen release to the atmosphere. Our study contributes to an improved regional understanding of this particular climatic system, by giving an insight in remote parts of the Sahel at two contrasted periods of the year. These mechanisms are essential, and may affect the atmospheric chemistry if changes in precipitation regimes occur due to climate change.
